Fifty-seven strains of various Rhizobium species were analyzed by two-dimensional gel electrophoresis. Since the protein pattern on such gels is a reflection of the genetic background of the tested strains, similarities in pattern allowed us to estimate the relatedness between these strains. All group II rhizobia (slow growing) were closely related and were very distinct from group I rhizobia (fast growing). Rhizobium meliloti strains formed a distinct group. The collection of R. leguminosarum and R. trifolii strains together formed another distinct group. Although there were some similarities within the R. phaseoli, sesbania rhizobia, and lotus rhizobia, the members within these seemed much more diverse than the members of the above groups. The technique also is useful to determine whether two unknown strains are identical.
Two problems which have plagued research on the Rhizobium-legume symbiosis are: (i) the vagaries of Rhizobium species identification which show up as a difficulty both in taxonomy and in attempts to understand the nature of host-symbiont specificity, and (ii) the difficulties of recognizing a given Rhizobium strain, especially after it has entered a soil containing indigenous uncharacterized strains. Current species identification relies mainly on the host plant that is nodulated (9). Defined species and typical legume hosts are R. leguminosarum (pea), R. phaseoli (bean), R. trifolii (clover), R. meliloti (alfalfa), R. japonicum (soybean), and R. lupini (lupine) . These species are divided into two groups, defined by the rate of growth on yeast extract media. Group I consists of the rapidgrowing species: R. leguminosarum, R. phaseoli, R. trifolii, and R. meliloti. The slow-growing species are in group II, consisting of R. japonicum and R. lupini.
Nodulation specificity is not a suitable taxonomic criterion, however, because there are many examples of one strain nodulating more than one group of plants (reviewed in reference 24) . For example, a strain isolated from pea nodules is named R. leguminosarum, but is later found to nodulate clover as well. If that strain had been isolated initially from clover, it would have been named R. trifolii. Furthermore, certain slow-growing strains (cowpea rhizobia) are very cross-invasive. Isolates from lotus (lotus rhizobia) include both fast-growing and slowgrowing strains. Finally, relative deoxyribonut Present address: Merck Sharp and Dohme, Research Laboratories, Rahway, NJ 07065 . 414 cleic acid homology shows quite great variation within a given named species (3, 5) . Identifying strains of a given species in field studies is important for understanding (and perhaps manipulating) the ecology and competitiveness of Rhizobium. Current methods being used in strain identification generally rely on surface properties such as binding by plant lectins (2), phage typing (12) , and serology (6, 19) . These tests are not specific-more than one different strain can be typed identically (D. Noel, unpublished data). The tests are all vulnerable to single mutational events which alter the cell surface (i.e., "rough" mutations), and alterations in these "identifying" properties can be selected for inadvertently in nature (e.g., phage resistance).
An altemative method for strain identification has been the use ofantibiotic resistance markers. This suffers from three major objections: (i) the presence of the resistance characteristic might perturb (20) the very experiment being perfonned (e.g., alteration in growth rate or cell permeability), (ii) there is a high incidence of antibiotic resistance already present in many Rhizobium strains (17) , and (iii) such antibiotic resistances can be transferred between strains in the soil as well as in a nodule (7, 17) .
The technique (10) using intrinsic levels of antibiotic resistance of Rhizobium strains overcomes only the first of these objections. Further, the appearance ofnumerous spurious differences in antibiotic resistance patterns between strains differing only by an auxotrophic marker ( 4 to 10°C, the samples were frozen. Two hundred milligrams of urea and 0.1 ml of lysis buffer (16) were added, and the suspension was freeze-thawed for four cycles. The samples were centrifuged at 3,000 x g for 5 min, and 0.02 to 0.10 ml of the supernatant solution was loaded on the first-dimension gel. The technique used in performing two-dimensional gel electrophoresis has been described previously (16) with modifications (18) . The acrylamide concentration in the second dimension was 12%.
RESULTS
General considerations. Figure 1 shows the protein patterns of typical group I (g through o) and group II (a through f) rhizobia To examine the gel pattern relationships among 57 strains, the samples were initially run and assorted into groupings of similar patterns by two people independently in a double-blind test. The groupings by each person were essentially the same as those shown in Fig. 2 and 3 and were similar to each other despite different techniques of pattern recognition: one person scored the gels for the presence of certain multispot patterns, and the other scored the relative positions of a number of distinctive spots. It is important to note that the two methods (and, by implication, any sort of pattern recognition based on a number of spots) gave similar results. This is due to the redundancy of taxonomic information: any two strains derived (evolutionarily or by selection) from a third will share many pattern similarities with each other and even more similarities with a strain from which they were derived. As explained below, the diversity of the sesbania rhizobia and R. phaseoli patterns prevented both examiners from a meaningful grouping of these strains except to note their nonidentity with other groupings.
Group I strains. When the major diagnostic spots of the group II strains were examined, neither cowpea rhizobia nor R. japonicum strains could be assorted into species-specific groups (based on host plants). On the contrary, many of these strains were more closely related to lotus rhizobia or R. lupini than to other strains of their own inoculation group. Although it is possible that diagnostic spots for R. japonicum and cowpea rhizobia inoculation groups were present on the gels, such spots were not identified. In the case of both lotus rhizobia and R. lupini, clusters of spots diagnostic for these groups were observed and are circled on gels e and f of Fig. 1 . Group I strains. Although there were some striking pattern similarities within subgroups of these fast-growing rhizobia, they were much more diverse as a group than the group II strains. In some cases, the diversity was so great that the strains currently assigned to a single species seemed to be quite distantly related.
The R. meliloti strains formed a reasonably homogeneous group (1 and n of Fig. 1) , with the cluster of spots to the right of the arrow among the more easily scored of the similarities. One sesbania rhizobium (145A1) had certain similarities (Fig. lm) in the R. meliloti diagnostic region just mentioned, but clear differences did exist (see especially circled regions in 1, m, and n of Fig. 1 ). This suggested, however, that this sesbania rhizobium might possess certain R. meliloti determinants, and it is interesting that although this sesbania rhizobium failed to nodulate alfalfa, it was agglutinated by alfalfa lectin which was otherwise specific for R. meliloti strains (A. Paau, personal communication).
The patterns of all R. leguminosarum and R. trifolii strains tested (for example, see Fig. 1 ) were rather similar, and there were no obvious spots which could be used to differentiate members of the two inoculation groups from each other. The strains of these two inoculation groups showed a relatedness comparable to that seen with the R. meliloti strains, and therefore their designation as two separate species is probably inappropriate.
Lotus rhizobia (the fast-growing isolates) are rather diverse, but all representatives shared the pattern boxed in strains of the same inoculation group, there were no obvious determinants which were found useful in making any meaningful grouping ofstrains. Assignment of either group of these strains to a single "species" is clearly too broad to be useful.
Other considerations. Different colony morphologies do not necessarily indicate contamination. Twenty-two (of 57) strains evidenced more than one colony type upon singlecolony isolation. In all such cases, gel analysis revealed the extreme similarity of the multiple, morphologically different isolates. In general, such strains differed significantly in the intensity of one or two major spots, the remainder of the pattem being identical (see Fig. li , gummy, and lk, nongummy). Such multiple forms, therefore, are not contaminants but presumably are derived from one another by a single mutational event during storage.
Effect of growth rate. Several rhizobium strains (162P17, 162S31, 61A76) were prepared for gel analysis by growth on minimal (RM) and rich (AMA) media. The results indicated that although differences in spot intensity did occur depending on the media, these differences were not so dramatic as to change grouping assignments. The pattern alterations induced by different media were not dramatic enough to explain, for example, the pattern differences between group I and group II strains. Nevertheless, if two strains are to be compared, it is advisable that they be grown on similar media and harvested at the same point in the growth cycle.
Strain identification. Besides the use of two-dimensional gels to show similarities between members ofcertain species, this technique can be used to show differences between similar strains. Note that each of the R. meliloti strains (which had patterns very similar to each other) had its own distinct pattern which differed from that of other R. meliloti patterns in the relative position of 2 to 20% of the visible protein spots. This can be most easily observed by overlaying one gel over another. Such a pattern is useful for differentiating strains which were presumed to be identical based on serology, antibiotic susceptibility, or phage typing (13) . DISCUSSION Rhizobial taxonomy. The clearest taxonomic distinction which can be drawn, using gel analysis, is that between the fast-and slow-growing rhizobia. Even in the case of the lotus inoculation group, which contains representatives of each class, the distinction remains valid. It is also interesting that the species whose pattern is most distinctive of its own inoculation group, R. meliloti, also shows the least amount of crossinoculation among group I rhizobia (24) . R. leguminosarum and R. trifolii can be grouped into a single class according to the gel patterns.
Again, this grouping matches the observation that these two species readily cross-inoculate their respective hosts, pea and clover (24) . It is also not surprising that this is one pair of group I rhizobia between which chromosomal conjugation occurs (8) .
Group II rhizobia examined are very similar to each other in terms of overall pattern. By analogy, these strains show a comparable amount of diversity compared with 10 different clinical isolates of Klebsiella pneumoniae (G. Roberts, unpublished observations). We argue that this is an indication of similar genetic backgrounds in the group II rhizobia and predict that when a gene transfer system among the group II strains is available, homologous recombination between any two of these strains will occur. For example, deoxyribonucleic acid from lotus rhizobia might be successfully maintained and expressed in R. japonicum or other group II strains. This is, of course, in contrast to the situation among the group I strains as a whole. Figure 2 presents a more detailed arrangement of the strains based on their gel patterns. Strains listed above one another in a column are very similar, whereas any strains whose lines can be traced upwards to a common vertex show at least some distinctive similarities. Several points should be made. (i) In group lb, some R. trifolii strains are more similar to R. leguminosarum strains then to other R. trifolii. This emphasizes the lack of distinction between these two "species." (ii) In group lc (diverse group I strains), a number of strains can only be paired with a single, "like" strain, since the diversity among these strains (sesbania rhizobia, R. phaseoli, and lotus rhizobia) is so great. (iii) In group, II, R. lupini and the lotus rhizobia are closely related to the R. japonicum and cowpea rhizobia tested, although a few distinguishing spots do exist for the former inoculation groups (see Fig. 1 Silver) were analyzed on two-dimensional gels. These strains were very similar to each other and to K. pneumoniae M5al, a nonclinical isolate, but the patterns were clearly different from that of Escherichia coli K-12. Two different Frankia isolates from nodulated angiosperms (obtained from J. Torrey) had patterns similar to each other but different from the patterns found in the other bacteria (including actinomycetes) which we have analyzed. Thus, this system may be applied to taxonomy problems of all bacteria and other organisms as well.
When any bacterial system is examined by gels, the most important part of the analysis is the choice of appropriate proteins to serve as markers. The proteins selected should be easily scorable as well as reflective of the other, less visible proteins of the pattern. The position of such benchmark spots would be a reflection of previous evolutionary alterations and therefore taxonomic relatedness.
While gel patterns have been used for taxonomy in other systems, the gel analysis has typically used one-dimensional gels (for example, references 4 and 21). Although these patterns may be useful in some instances, they possess very limited information and tend not to aid in the comparison of rather dissimilar organisms. A problem also exists when the more abundant proteins in the cell do not reflect the overall genotype of the strain. For example, one-dimensional analysis of the extracts used in Fig. 1i would yield rather dissimilar patterns due to the two very abundant proteins circled in Fig. lk . One of these strains is, however, almost certainly a spontaneous derivative of the other (an event presumably occurring during strain storage), and this extreme relatedness is evidenced by the two-dimensional analysis. A recent report (15) has used two-dimensional gels to identify several strains of spiroplasmas. Although their approach to strain recognition (for identification rather than taxonomy) was similar to our own, their use of radioactive label and gradient gels in the second dimension is very time consuming and unnecessary for the majority of applications.
Another use of this technique is to take advantage of differences in protein patterns between closely related strains. This is useful in cases where one would like to know whether a strain isolated from a complex ecosystem is identical to a strain suspected of being introduced to that ecosystem. In the case of Rhizobium, it is important to know whether the strain added to a legume actually is the one found later within the nitrogen-fixing nodules. Many soils have populations of indigenous rhizobia that have not been characterized. If an isolate has a pattern identical (easily tested by overlaying one gel over the other) to that of the inoculated strain, then one can assume that the strains are identical. If only a few spots are different in the two strains, it is possible that mutation has occurred or that plasmid loss or transfer has occurred; but the strains will still clearly have most of their proteins in the same positions and, therefore, one can conclude that the strains are the same.
The technique of two-dimensional gel electrophoresis is used by many laboratories and is easy to master. It is possible to use a colony's worth of cells (taken with a loop) to get enough protein for a gel. One individual in our lab easily runs 60 gels per week, and simple modifications of the apparatus (e.g., larger tanks and plates) could readily increase the rate of gel analysis.
